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ABSTRACT
We model the present day, observable, normal radio pulsar population of the Small
Magellanic Cloud (SMC). The pulsars are generated with SeBa, a binary population
synthesis code that evolves binaries and the constituent stellar objects up to remnant
formation and beyond. We define radio pulsars by selecting neutron stars that satisfy
a selection of criteria defined by Galactic pulsars, and apply the detection thresholds
of previous and future SMC pulsar surveys. The number of synthesised and recovered
pulsars are exceptionally sensitive to the assumed star formation history and applied
radio luminosity model, but is not affected extensively by the assumed common enve-
lope model, metallicity, and neutron star kick velocity distribution. We estimate that
the SMC formed (1.6± 0.3)×104 normal pulsars during the last 100 Myrs. We study
which pulsars could have been observed by the Parkes multibeam survey of the SMC,
by applying the survey’s specific selection effects, and recover 4.0± 0.8 synthetic pul-
sars. This is in agreement with their five observed pulsars. We also apply a proposed
MeerKAT configuration for the upcoming SMC survey, and predict that the MeerKAT
survey will detect 17.2± 2.5 pulsars.
Key words: pulsars: general – Magellanic Clouds – software: simulations
1 INTRODUCTION
The Small Magellanic Cloud (SMC) is an excellent candidate
to study a variety of stellar populations, since it is located
out of the Galactic plane, providing minimal extinction, yet
being close enough to resolve stars across the whole galaxy.
Another advantage is the known distance to the SMC, neces-
sary for the calculation of luminosities that lead to accurate
classifications of stellar populations. The SMC is on average
at a distance of 60 kpc (Graczyk et al. 2014), however it is
believed to have a line of sight depth of ∼10 kpc (Crowl et al.
2001). This uncertainty introduces a minimal uncertainty of
a few percent for the calculated luminosities. For reasons
such as these the SMC has been surveyed extensively at all
wavelengths, producing representative samples of the vari-
ous underlying stellar populations, within the constraints of
the surveys.
The SMC contains a variety of neutron star (NS) pop-
ulations that highlight various evolutionary stages in the
? E-mail: naomi@saao.ac.za
lives of massive stars and massive binaries. The radio pul-
sar population of the SMC is of particular interest, since
only seven pulsars have been discovered by previous surveys
(McConnell et al. 1991; Crawford et al. 2001; Manchester
et al. 2006; Titus et al. 2019). Although these surveys opti-
mised survey sensitivity and coverage, they were only sensi-
tive enough to detect the brightest pulsars due to the large
distance to the SMC. In contrast to the small radio pulsar
population, the SMC contains 120 high mass X-ray bina-
ries (HMXBs) of which ∼60 are confirmed NS X-ray pulsars
(Haberl & Sturm 2016). The previous X-ray surveys of the
SMC (e.g. Yokogawa et al. 2000; Haberl & Pietsch 2004;
Shtykovskiy & Gilfanov 2005; Sturm et al. 2013) were sen-
sitive enough to probe accreting NSs in quiescence and out-
burst, unveiling a representative sample of the underlying
X-ray binary population. Population synthesis studies can
establish if the relatively small numbers of radio pulsars are
an underlying property of the NS population of the SMC,
or to what extent observational biases and constraints are
affecting the observed radio pulsar population. The popu-
lation synthesis results can be compared to previous radio
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pulsar surveys and population studies of the SMC (Ridley
& Lorimer 2010), as well as predict the number of pulsars
that future surveys should detect, like MeerKAT or SKA.
The star formation history of the SMC plays a critical
role when simulating the observable normal radio pulsar1
population. However, it is only the most recent star forma-
tion episodes (SFEs) that will contribute to the observable
pulsar population, since the average lifetime of an isolated
radio pulsar is ∼100 Myr (Faucher-Gigue`re & Kaspi 2006;
Ridley & Lorimer 2010). During every SFE a population of
massive stars will be born. Multiplicity studies of massive
stars indicate that most massive stars are born in binaries
(Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007; Sana
et al. 2012, 2014; Moe & Di Stefano 2017). Binarity will im-
pact the evolution of the constituent stars if they exchange
material. An isolated massive star will evolve to the giant
phase, and produce a NS during a core collapse supernova
(Type Ib/c; Heger et al. 2003). However massive stars in
close binaries exchange material, forming at least one he-
lium star, leading to a core collapse supernova and likely
the formation of a NS (Yoon et al. 2010). NSs form via dif-
ferent evolutionary paths, and are born with a range of birth
spin periods and magnetic fields. Moreover, if the NS is not
accreting matter from a companion, it can enter a radio pul-
sar phase. The radio pulsar mechanism can switch on if the
NS has a fast enough spin period, and a sufficiently strong
surface magnetic field, resulting in highly beamed, coherent
radio emission from the magnetic poles.
Given the prevalence of binarity in massive star popu-
lations, we conducted binary population synthesis studies to
best simulate the events leading up to the formation of radio
pulsars as well as the evolution of the pulsars. In this pa-
per we present our population synthesis results of the SMC
radio pulsar population and predict the number of pulsars
MeerKAT will detect. In Section 2, we describe the simu-
lation parameters and define a radio pulsar within the sim-
ulations. In Section 3 we present the results, and discuss
their implications in Section 4. In Section 5 we draw our
conclusions.
2 METHOD
We utilised the binary population synthesis code SeBa
(Portegies Zwart & Verbunt 1996; Toonen et al. 2012; Too-
nen & Nelemans 2013) to model the evolution of massive
binaries and the formation of isolated and radio pulsars in
binaries. SeBa evolves the binaries from the zero age main
sequence to remnant formation. Beyond remnant formation
SeBa continues to evolve the individual remnants, as well
as the binary interaction for the remaining binaries. The
binary interaction accounts for mass loss, mass transfer, an-
gular momentum loss, common-envelope (CE) phase, mag-
netic braking, gravitational radiation, and disruption, which
is applied at every time step with the relevant recipes (see
Portegies Zwart & Verbunt 1996; Portegies Zwart & Yun-
gelson 1998). For this study pertaining to radio pulsars, we
limit our selection of sources to detached and disrupted bi-
naries containing a NS. A detached binary implies there is
1 Normal pulsars refer to non-accreting, non-millisecond pulsars.
no mass transfer via Roche lobe overflow (RLOF), however
mass transfer via wind accretion is still allowed. A disrupted
binary is defined as a system that is no longer gravitationally
bound as a consequence of a supernova explosion.
2.1 Initial Conditions of default model
We simulated 3 million binaries with SeBa to ensure a statis-
tically significant population of radio pulsars. Here follows
a list of the initial conditions required for our default model
to simulate the population of binaries. For the CE evolu-
tion we used the γα model (see Equation 1, Section 2.2.1)
with a combined CE parameter αCEλ= 0.25 (Toonen & Nele-
mans 2013), where γ= 1.75 (Portegies Zwart & Yungelson
1998; Toonen et al. 2012; van Haaften et al. 2015). The ini-
tial primary masses (M1 stars with the potential of forming
NSs) are drawn from a Kroupa initial mass function (IMF,
Kroupa 2001) with exponent 2.3 for masses between 4.4 and
40 M. Both mass limits were chosen to include all possible
NS formation scenarios. The lower mass limit was calculated
by simulating 500 000 binaries and determining the mini-
mum primary mass required to form a NS. The secondary
masses (M2) are drawn from a uniform mass ratio distribu-
tion such that 0< M2M1 <1 (Raghavan et al. 2010; Ducheˆne &
Kraus 2013). The semi-major axis follows a uniform distri-
bution in loga (Abt 1983) with a maximum cut off value of
1×106 R. The initial eccentricity values are selected from
a thermal distribution (Heggie 1975) ranging between zero
and one. The natal NS kick velocity distribution is modelled
by Verbunt et al. (2017), a combination of two Maxwellians
with a mean of 75 km s-1 and 316 km s-1. For the birth NS
spin period, we assume a normal distribution with a mean of
300 ms and a standard deviation of 150 ms (Faucher-Gigue`re
& Kaspi 2006), while the birth magnetic field in units of G
is drawn from a lognormal distribution with a mean and
standard deviation of 12.65 and 0.55 respectively (Faucher-
Gigue`re & Kaspi 2006). The NS kick velocity, natal spin pe-
riod and magnetic field distributions were determined from
Galactic pulsars. We set the metallicity (Z) to 0.004, and
assume that all NSs are born from binary stars (i.e. a 100%
binary fraction), and can either remain in a binary follow-
ing the supernova (pulsars in binaries) or alternatively be
disrupted forming a population of isolated radio pulsars.
2.2 Sensitivity to initial conditions
To assess the systematic uncertainty of sensitivity to the
initial conditions we explore the effect various parameters
and models have on the number of formed and detected radio
pulsars. We vary the metallicity, CE model, combined CE
parameter (αCEλ), and the NS kick velocity distribution. For
every combination of parameters and models we simulate 3
million binaries. A summary of all the simulations can be
found in Table 1.
2.2.1 Common-envelope model
The CE phase is a short-lived phase in the life of a binary
that occurs when an evolved donor extends beyond its
Roche lobe, enabling unstable mass transfer leading to the
formation of a CE (see Ivanova et al. 2013, and references
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Table 1. Summary of all the independent SeBa simulations with
their corresponding parameters and models. The default model is
printed in bold.
Model Z CE model αCEλ NS kick velocity
V4CE2 0.004 γα or αα 2.00 Verbunt et al. (2017)a
H4CE2 0.004 γα or αα 2.00 Hobbs et al. (2005)b
V4CE25 0.004 γα or αα 0.25 Verbunt et al. (2017)
H4CE25 0.004 γα or αα 0.25 Hobbs et al. (2005)
0.1V4CE2 0.004 γα or αα 2.00 0.1× Verbunt et al. (2017)c
0.1V4CE25 0.004 γα or αα 0.25 0.1× Verbunt et al. (2017)
V8CE2 0.008 γα or αα 2.00 Verbunt et al. (2017)
H8CE2 0.008 γα or αα 2.00 Hobbs et al. (2005)
V8CE25 0.008 γα or αα 0.25 Verbunt et al. (2017)
H8CE25 0.008 γα or αα 0.25 Hobbs et al. (2005)
0.1V8CE2 0.008 γα or αα 2.00 0.1× Verbunt et al. (2017)
0.1V8CE25 0.008 γα or αα 0.25 0.1× Verbunt et al. (2017)
aVerbunt et al. (2017): a combination of two Maxwellians with a
mean of 75 km s-1 and 316 km s-1.
aHobbs et al. (2005): a single Maxwellian with mean of 265 kms-1.
c0.1× Verbunt et al. (2017): reducing the NS kick velocity drawn
from Verbunt et al. (2017) by a factor of 10.
therein). During the CE phase the binary orbit shrinks as
angular momentum is transferred to the envelope, expelling
material from the binary. Although the CE phase is critical
for the formation of compact binaries, the processes govern-
ing the CE phase are poorly understood.
For population studies the CE evolution is typically
modelled by a parametric model such as the α – formalism
that is based on the binary’s energy budget (Paczynski
1976; Webbink 1984; de Kool et al. 1987; Livio & Soker
1988; de Kool 1990):
Ebin =
GMdMc
λR
= αCEEorbit, (1)
where G is Newton’s gravitational constant, Md the mass
of the donor, Mc the mass of its core, R the donor’s radius,
while λ and Ebin refers to the structure parameter and
binding energy of the envelope respectively. The orbital
energy (Eorbit) is the source that unbinds the envelope with
an efficiency of αCE . This formalism is referred to as the αα
model in the paper. For the αα model we set αCEλ= 0.25
or αCEλ= 2. The first was determined for systems that
go through a single CE phase, forming white dwarf main
sequence binaries (Zorotovic et al. 2010, 2014; Toonen &
Nelemans 2013; Camacho et al. 2014), while the second
relates to systems subjected to two CE phases leading to
the formation of double white dwarf binaries (Nelemans et
al. 2000, 2001b).
Another CE formalism is the γ – formalism that re-
lates to angular momentum conservation of the binary
(Nelemans et al. 2000):
Jinit − J f inal
Jinit
= γ
∆Md
Md Ma
, (2)
where Jinit and J f inal are the angular momentum of the bi-
nary prior to and following the CE phase respectively, while
Ma refers to the mass of the companion. In our models we set
γ= 1.75. This is applied unless the binary contains a com-
pact object or the CE phase is triggered by a tidal instability
rather than dynamically unstable Roche lobe overflow (see
Toonen & Nelemans 2013). When this is not the case we
implement the αα CE model where αCEλ= 0.25 or αCEλ= 2
(Nelemans et al. 2001). We refer to this as the γα model.
For our default model we assume the γα formalism and set
αCEλ= 0.25, since we are expecting the majority of the pul-
sars in binaries to have main sequence companions.
2.2.2 Neutron star kick velocities
A high mass star ending its life with a core-collapse (CC)
supernova will form a NS, and impart a kick to the newly
formed remnant. The mechanism responsible for NS kicks
are not well defined, nonetheless they are thought to be
related to asymmetric mass loss during SNe or, alternatively
to anisotropic neutrino emission (Lai 2001; Hobbs et al.
2005; Janka 2012). NSs can also receive a ”Blaauw-kick”
(Blaauw 1961) when the progenitor experiences an abrupt
mass loss phase, however these kicks are limited by close
binary interactions that expel the donor’s envelope prior to
the SN (Huang 1963; Tutukov & Yungelson 1973; Leonard
et al. 1994). Particularly, NS kicks are implied by the high
spatial velocity of radio pulsars (Cordes et al. 1993; Hobbs
et al. 2005; Lyne & Lorimer 1994; Verbunt et al. 2017) when
compared to their progenitors (Gunn & Ostriker 1970).
For this paper we adopt three different NS kick veloc-
ity models. Our default model draws arbitrary velocities
from the natal NS kick velocity distribution of Verbunt et al.
(2017), which was determined from radio pulsar parallaxes
and proper motions. The distribution is composed of a
combination of two Maxwellians with σ= 75 km s-1 and
σ= 316 km s-1. The bimodal distribution is linked to the
reduced NS kick velocity of small iron core NSs and NSs
that formed via electron capture SNe a (Podsiadlowski
et al. 2004; van den Heuvel 2004; Knigge et al. 2011; Janka
2012; Tauris et al. 2015; Bray & Eldridge 2016). Studies
of X-ray binaries found that these NSs can have extremely
low NS kick velocities (Pfahl et al. 2002; van den Heuvel
2004; Linden et al. 2009; Antoniou et al. 2010). To account
for such low velocities we construct a second model by
reducing the velocities drawn from the Verbunt et al. (2017)
distribution by a factor of 10. For the third model we
consider the distribution of Hobbs et al. (2005) which is a
single Maxwellian with a one-dimensional (1D) root mean
square (rms) of σ= 265 km s-1 inferred from the proper
motion of radio pulsars.
2.3 Radio pulsar models
A radio pulsar is modelled as a rotating magnetic dipole in
a vacuum, radiating energy through dipole spin-down emis-
sion. The energy loss results in the generation of a magneto-
spheric plasma and consequently the acceleration of charged
particles producing radio emission (see Gurevich & Istomin
2007 and references therein). The majority of all known ra-
dio pulsars have spin periods (P) less than 10 s, and period
derivatives (P˙) between 10−22 and 10−10 ss-1. The P˙ of the
© 2017 RAS, MNRAS 000, 1–11
4 N. Titus et al.
NS is dependent on its surface magnetic field (B), moment
of inertia (I), radius (R), and P:
P˙ =
8pi2R6
3c3I
B2
P
, (3)
where c is the speed of light. As such we define a simulated
radio pulsar as a NS within the P – P˙ parameter space of the
observed pulsar population.
2.3.1 Magnetic field decay
When studying the P – P˙ diagram young radio pulsars ap-
pear to have stronger magnetic fields than older pulsars. As
a result Gunn & Ostriker (1970) proposed spontaneous mag-
netic field decay as a possible mechanism for the magnetic
field evolution of isolated radio pulsars. It has been a con-
troversial topic and to date no consensus has been reached.
Many studies have not found convincing evidence for mag-
netic field decay (Bhattacharya et al. 1992; Lorimer et al.
1997; van Leeuwen & Verbunt 2004; Gonthier et al. 2004;
Faucher-Gigue`re & Kaspi 2006; Johnston & Karastergiou
2017), while other studies argue for spontaneous magnetic
field decay (Gullo´n et al. 2014, 2015; Igoshev & Popov 2015;
Cies´lar et al. 2020). For this work we impose Ohmic de-
cay (Cumming et al. 2004; Geppert 2009) that relates to
NS crust properties of non-accreting neutron stars, and is
represented by the exponential function:
B
(
t
)
= B0 e
− tτ , (4)
where t is time, B0 is the initial (natal) magnetic field, and
τ= 100 Myr is the decay time scale (Igoshev & Popov 2015).
2.3.2 Radio emission mechanism
The acceleration of electron-positron pairs is crucial for the
generation of radio pulsar emission. The radiation termi-
nates when the pulsar’s rotating magnetosphere no longer
generates the potential difference required for pair produc-
tion (Sturrock 1971; Chen & Ruderman 1993). When the
emission terminates the radio pulsar becomes radio quiet.
This corresponds to a death line on the P – P˙ diagram be-
yond which the pulsar mechanism switches off, and conse-
quently the pulsar is no longer observed. Bhattacharya et al.
(1992) calculated a theoretical death line of the form
B
P2
= 0.17 × 1012 G s-1, (5)
where B is the NS’s surface magnetic field, and P the NS’s
spin period. This relation is well supported by the distri-
bution of known pulsars on the P – P˙ diagram (Faucher-
Gigue`re & Kaspi 2006). For our synthetic pulsars we use
Equation 5 to distinguish between active and radio quiet
pulsars.
2.3.3 Observational Effects
The most important observational effects that can hinder
the detection of a radio pulsar in the SMC are the pulsar’s
beaming fraction and brightness. Previous work (Lyne et al.
1975; Vivekanand & Narayan 1981; Proszynski & Przyby-
cien 1984) found that the radio luminosity for Galactic pul-
sars has a power law dependence on P and P˙. Considering a
power law of the form
log
(
L
)
= log
(
L0P
P P˙
P˙
15
)
+ Lcorr, (6)
where L0 = 0.18 mJy kpc2. The units of P is seconds, while
P˙ has units of 10−15 ss-1. The two exponents relating to P
and P˙ are determined empirically, with values of P = -1.5
and P˙ = 0.5 (Lorimer et al. 1993; Faucher-Gigue`re & Kaspi
2006; Bates et al. 2014). The radio luminosity of a pulsar
may be affected by physical variations in the modelled lumi-
nosity, distance uncertainties, as well as viewing geometries.
To account for these variations the dithering term, Lcorr is
added. Lcorr is modelled by a normal distribution, centred at
zero, with σLcorr = 0.8 (Lorimer et al. 1993) determined em-
pirically. Once L is calculated the flux density (S ) for each
pulsar is given by dividing L with d2, where d= 60 kpc is the
average distance to the SMC. This conversion from luminos-
ity does not account for any beaming or geometrical effects,
and is commonly referred to as the ”pseudo-luminosity” (Ar-
zoumanian et al. 2002; Lorimer et al. 2006).
Following the flux calculation of every pulsar, we de-
termine the beaming fraction of pulsars in a particular spin
period bin. Tauris & Manchester (1998) defined an empirical
relationship between a pulsar’s spin period and the beaming
fraction for pulsars where P> 0.1 s:
fTM(P) = 0.09
[
log
(P
s
)
− 1
]2
+ 0.03. (7)
Since a small portion of our simulated pulsars have P6 0.1 s
we depict the beaming fraction for pulsars in this regime
by a linear relationship. The relationship is defined by a
beaming fraction of 0.9 to 0.39 for 0.0016 P(s)6 0.1. The
lower limit was chosen from fTM(0.1) = 0.39, while the up-
per limit of 0.9 was determined from millisecond pulsars by
Kramer et al. (1998). From these limits we extend the Tauris
& Manchester (1998) beaming fraction linearly with
fTMe(P) = − 0.255 log
(P
s
)
+ 0.135, (8)
where 0.0016 P(s)6 0.1. Finally, the total number of pul-
sars in a period bin is given by multiplying the number of
pulsars with the beaming fraction. Furthermore, to test how
sensitive the number of detected pulsars is to the default
empirical radio luminosity (Equation 6, σLcorr = 0.8) and the
beaming fraction model (Equation 7 & 8), we consider a sec-
ond model in each case. For the radio luminosity the second
model is defined by adapting σLcorr from 0.8 to 2, simply to
test how sensitive the number of detected pulsars is to σLcorr .
The second empirical beaming fraction model was derived
by Lyne & Manchester (1988):
fLM(P) =
4
pi
sin
(
6.5◦P−1/3
)
, (9)
and is valid for spin periods down to 0.005 s. For pulsars
with P< 0.005 s we set fLM(0.005) = 0.78.
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2.4 Star formation model
To account for the star formation history (SFH) of the SMC,
we normalise our simulation with respect to the simulated
mass and the mass available for each SFE (MSFE). The mass
available for star formation (SF) is calculated for two star
formation histories (SFHs) determined by Harris & Zarit-
sky (2004) and Antoniou et al. (2010). Harris & Zaritsky
(2004) composed an averaged photometric SFH (HZ04) of
the SMC using the Magellanic Clouds Photometric Survey
(MCPS, Zaritsky et al. 2002, 2004). Their data suggested
that the most recent SFE occurred 60 Myr ago with a star
formation rate (SFR) of 0.28 M yr-1 for 31 Myr. The star
formation was averaged across time and spatial bins for the
entire SMC. The SFEs for the last 100 Myr were not re-
solved, implying that there could be unresolved, intense star
formation bursts. Harris & Zaritsky (2004) also calculated
the metallicity evolution with every SFE, and found that the
60 Myr SFE has a metallicity of Z = 0.008. This is a factor of
two larger than is usually assumed. Later on Antoniou et al.
(2010) derived the SFH (A10) of regions in the SMC con-
taining X-ray binaries from the spatially resolved HZ04 SFH.
The A10 SFH resolved the SFH of the last 100 Myr into four
star formation bursts. As in the previous study they found
evidence for a SFE, 67 Myr ago, but with an average SFR
of 0.72 M yr-1, followed by a SFE 42 Myr ago with a SFR
1.72 M yr-1. They concluded that the most recent SFEs oc-
cured 17 Myr and 11 Myr ago with SFRs of 0.38 M yr-1 and
0.85 M yr-1 respectively. The mass available for star forma-
tion for a given SFH is calculated by multiplying the dura-
tion (∆t) of the SFEs with the corresponding SFRs (Table 2).
The normalisation also depends on the simulated mass
of the primordial binaries (Mtotal):
Mtotal =
Binaries︷             ︸︸             ︷[
Nb
fparam
× Mb
]
+
Single stars︷                               ︸︸                               ︷[
Nb
fparam
×
(
1 − fbin
fbin
)
× Mp
]
, (10)
where Nb is the 3 million simulated binaries, while
Mb = 0.74 M and Mp = 0.49 M represent the average, sim-
ulated binary and primary mass respectively, and fbin refers
to the binary fraction. The total simulation mass also ac-
counts for the fraction of the total SMC stellar population
we simulated ( fparam) by assuming the population consists
of stars in a mass range from 0.1 – 100 M. Since the pri-
maries consist of stars with masses between 4.4 and 40 M,
only 0.74% of the SMC’s stellar population was simulated,
i.e fparam = 0.0074. The total simulated mass depends criti-
cally on the binary fraction. As we assume a 100% binary
fraction the single star term in Equation 10 becomes zero.
The scaling factor c is given by:
c =
MSFE
Mtotal
. (11)
The total number of simulated pulsars normalised with re-
spect to the mass available for star formation is determined
by multiplying c with the number of simulated pulsars. Ta-
ble 2 lists the SFH parameters calculated by HZ04 and A10,
as well as c for every SFE. For the default model we adopt
the A10 SFH.
Table 2. SFH parameters of the SMC as reported by Harris &
Zaritsky (2004) and Antoniou et al. (2010), as well as the calcu-
lated SFE mass scaling factor c.
SFa Peak SFEb SFR ∆t c MS FR c
(Myr) (Myr) (M yr-1) (Myr) (M) (Number)
Harris & Zaritsky (2004)
60 53 – 84 0.28 31 8.7×106 0.029
Antoniou et al. (2010)
11 7 – 15 0.85 8 6.8×106 0.023
17 9.5 – 24.5 0.38 15 5.7×106 0.019
42 25 – 59 1.72 34 58.5×106 0.196
68 41 – 95 0.72 54 38.9×106 0.130
aSF: Star formation.
bSFE: The onset and termination of each SFE.
c∆t: SFE duration.
Table 3. Observational setup of SMC radio pulsar surveys, as
well as the limiting flux densities at 1400 MHz for P> 50 ms.
Survey Tint tsamp ∆ν N∆νa S1400
(s) (µs) (MHz) (Number) (mJy)
Crawford et al. (2001) 8 400 250 288 96 0.066
Manchester et al. (2006) 8 400 1 000 288 96 0.067
MeerKAT 7 200 64 800 4096 0.012
aN∆ν: Number of frequency channels.
2.5 Survey detection limits
Besides the total number of pulsars currently present in the
SMC, we also determine the number of synthetic pulsars
that can be detected by past and future SMC surveys. We
model the specific selection effects of the Manchester et al.
(2006), and a future SMC MeerKAT survey. The sensitivity
of a survey depends on the instrument used, as well as the
observational setup. The Manchester survey was conducted
with the 21 cm multi-beam receiver (Staveley-Smith et al.
1996) on the Parkes radio telescope. The gain for the centre
beam is 0.69 K Jy-1, and system temperature is 24 K. A po-
tential MeerKAT survey configuration combines 40 dishes in
the core of the array, resulting in a gain of 1.6 K Jy-1 and sys-
tem temperature of 17 K. The proposed SMC MeerKAT sur-
vey is assumed to observe an area equivalent to the Manch-
ester survey. Prior to the Manchester survey, Crawford et al.
(2001) carried out an equally sensitive survey. However, the
Manchester survey was more complete, since it covered a
larger region of the SMC, and the pulsar searches were con-
ducted across a larger dispersion measure range. For these
reasons we will discuss the simulation results with respect
to the Manchester survey, and not the Crawford survey. Ta-
ble 3 lists the observational parameters that were used to
generate the survey sensitivity curves. The sensitivity limits
set the threshold for the number of pulsars that are detected
by a particular survey, and are taken at the centre of each
spin period bin.
© 2017 RAS, MNRAS 000, 1–11
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3 RESULTS
3.1 Default model
When assuming the default model (see Section 2.1) the SMC
is predicted to have formed 1.5×104 observable2 pulsars, and
1.8×105 pulsars in total. Of these pulsars we predict that the
Manchester survey will detect 4.8 synthesised pulsars, while
the future MeerKAT survey is predicted to detect 19.6 pul-
sars. Figure 1 and 2 compares the brightness and period dis-
tributions of pulsars in binaries, as well as isolated pulsars.
These figures illustrate the low radio flux of most synthe-
sised pulsars, rendering them undetectable by the previous
survey limits, as well as the MeerKAT survey. However, the
spin period distribution of pulsars peaks at ∼1s. So, it is
the combined impact of the prevalence of pulsars around
the 1s spin period together with the increased brightness
of the faster spinning pulsars (i.e. > 0.1s) that explains the
observed period and luminosity distribution of the pulsars
detected by the Manchester survey. (See Section 4.1 for fur-
ther detail.)
3.2 Sensitivity to initial conditions
We carried out 96 simulations for two SFH to determine
the effect the various parameters have on the total number
of synthetic pulsars, as well as the number of pulsars recov-
ered by the Manchester and MeerKAT surveys. The assumed
SFH and radio luminosity model are the main parameters
that have a significant effect on the synthesised radio pulsar
population of the SMC.
The models where the A10 SFH was assumed with the
empirical luminosity model (σLcorr = 0.8), while varying the
CE model, CE parameter, metallicity, and beaming fraction
resulted in a range of synthesised pulsars (see Appendix A).
A minimum of 1.2×104 and a maximum of 2.2×104 pulsars
are synthesised. Of these synthesised pulsars, the Manch-
ester survey is predicted to detect 2.8 – 6.0 pulsars, while
the future MeerKAT survey is predicted to detect 12.3 – 23.0
pulsars.
3.2.1 Star formation history
The number of synthesised and detected pulsars are excep-
tionally sensitive to the assumed SFH. The default A10 SFH
produces ∼12 times more pulsars when compared to the
HZ04 SFH. This is directly related to the mass available for
star formation. The A10 SFH provides 110× 106 M for SF,
while the HZ04 SFH results in 8.7× 106 M. Consequently,
the A10 SFH has 12.6 times more mass available for star
formation than the HZ04 SFH, and in turn ∼12 times more
pulsars are synthesised. The assumed SFH also has conse-
quences for the number of recovered pulsars. The A10 SFH
results in the recovery of 14.5 and 59.4 times more synthe-
sised pulsars for the Manchester and MeerKAT survey when
compared to the HZ04 SFH. The HZ04 SFH yields an in-
significant population of pulsars (∼1× 103), thus we will only
report the results of the A10 SFH. The results of the 96 sim-
ulations for the A10 SFH is summarised in Appendix A.
2 Pulsars beaming towards us.
3.2.2 Radio luminosity model
The number of recovered pulsars is contingent on the as-
sumed radio luminosity model. The alternate luminosity
model (σLcorr = 2.0) allows for brighter synthesised pulsars
when compared to the empirical, default model (σLcorr = 0.8).
Consequently, more pulsars are recovered when the survey
selection effects are applied with the alternate luminosity
model. In particular the alternate radio luminosity model
results in the detection of 16.0 synthesised pulsars with the
Manchester survey, while the MeerKAT survey is predicted
to detect 112.6 pulsars. This corresponds to an increase by a
factor of 3.3 and 5.7 for the Manchester and MeerKAT sur-
veys respectively, when adopting the alternate luminosity
model instead of the empirical, default model’s radio lumi-
nosity.
3.3 Consistent population properties
The simulations are extremely robust in terms of the CE
model (γα vs αα), CE parameter, metallicity, and beaming
fraction, i.e across all these models there are no categori-
cal differences in the total number of synthesised or recov-
ered pulsars. However, the applied SFH and radio luminosity
model have a significant impact on both the number of syn-
thesised and recovered pulsars. As such, we group the results
by the A10 SFH as well as the empirical radio luminosity
model (σLcorr = 0.8), and determine the various medians with
corresponding standard deviations as error estimates.
On average the SMC synthesised (1.6± 0.3)×104 de-
tectable radio pulsars in the last ∼100 Myr. This popula-
tion excludes old, recycled MSPs, and only includes pulsars
beaming towards us. By applying the Manchester survey de-
tection limits we recover 4.0± 0.8 synthetic pulsars on aver-
age, while the SMC MeerKAT survey is predicted to detect
17.2± 2.5 pulsars.
3.4 Pulsars in binaries
The NS kick velocity distribution does not have a significant
impact on the number of synthesised or recovered pulsars.
However, it predicts different fractions of synthesised pul-
sars in binaries. When applying NS kick velocity distribu-
tions from Hobbs et al. (2005) and Verbunt et al. (2017) an
average of 2.4% and 5.5% of the pulsar population is pre-
dicted to occur in binaries, respectively. Conversely, when
adopting the alternative model where we reduced the kick
velocities from Verbunt et al. (2017) by a factor of 10 an
average of 19% of the synthesised pulsar population is re-
tained within a binary. The pulsars in binaries with high
mass companions (M> 5 M) are primordial high mass X-
ray binaries (HMXBs). When considering the default model
4% of pulsars are predicted to be in binaries, implying ∼160
synthesised pulsars are in binaries with high mass compan-
ions with orbital periods (Porb) below a 1000 days. Alterna-
tively when applying the Hobbs et al. (2005) distribution,
the pulsar binary fraction is 2% predicting ∼60 high mass
binary pulsars.
Although a relatively small number of synthesised pul-
sars occur in binaries, the simulations predict that ∼80% of
the synthesised pulsars that are detected by the Manchester
survey are in binaries. This prediction is inherent to the
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Figure 1. Default model of pulsars in binaries, adopting the Tauris & Manchester (1998) beaming fraction and, σLcorr = 0.8 luminosity
model. The top panel exhibits the various survey sensitivity curves with the corresponding number of detected synthetic pulsars in the
legend, as well as the brightness distribution of the pulsars. The small black points represent the brightness of individual pulsars, while
the large black dots show the median flux of pulsars in a period bin. The black arrows indicate points that are off the plot. The red stars
denote the known pulsar population. The bottom panel shows the period distribution of all pulsars in binaries in the SMC that formed
during the respective SFEs.
synthesised population of bright binaries with spin periods
below 0.1 s (Figure 1). These pulsars are young and typi-
cally short-lived, before the pulsar mechanism is quenched
by binary interactions. Pulsars within very compact bina-
ries, and/or with massive companions are quenched shortly
after formation when mass transfer ensues. These pulsars
have less time to spin down, and consequently are brighter
on average than the isolated pulsars with spin periods below
0.1 s.
The orbital period (Porb) and eccentricity (e) of the
pulsars in binaries have a weak positive correlation (Fig-
ure 3). The binaries shown in the figure include 95% of the
binary population that have Porb6 5 000 days. The orbital
period distribution has five significant peaks, the peaks be-
low Porb ∼ 300 days are associated with the SFEs of 11 &
17 Myr ago, while the remaining two peaks (Porb ∼ 400 &
1200 days) present the evolved binaries from the SFEs that
occurred 42 & 68 Myr ago. The evolved binary pulsars oc-
cur in wider binaries where minimal mass transfer occurs,
extending the life time of the radio pulsars. There is a large
number of binaries with a nearly circular orbit, after which
the eccentricity distribution follows a Poisson-like distribu-
tion. The peak at e∼ 0 is associated with more evolved bi-
naries from the 42 and 68 Myr SFEs. The most recent SFEs
(11 & 17 Myr ago) have exponential eccentricity distribu-
tions with ∼18% of their population having e> 0.2, while
the older SFEs (42 & 68 Myr ago) have fewer eccentric or-
bits with only ∼7% of systems exceeding an eccentricity of
0.2.
4 DISCUSSION
4.1 SMC radio pulsar population
In this study we utilise binary population synthesis tech-
niques to estimate the size of the SMC radio pulsar popu-
lation, and apply various survey selection effects in an at-
tempt to recover the observed population, and characterise
the efficiency of the future SMC MeerKAT survey. We pre-
dict that (1.6± 0.3)×104 normal radio pulsars were formed
in the SMC during the last ∼100 Myr. This population ex-
cludes recycled, old MSPs, and only includes pulsars beam-
ing towards us. This is in agreement with Ridley & Lorimer
(2010), who predict a population of (1.09± 0.16)×104 nor-
mal pulsars in the SMC. This agreement is striking, since
our method was based on binary evolution and dependent
on the SFH of the SMC, while Ridley & Lorimer (2010)
utilised a Monte Carlo method (Lorimer et al. 2006) that
seeded pulsars until the Manchester selection effects recov-
ered five observed pulsars.
We study how many pulsars may be observed by the
© 2017 RAS, MNRAS 000, 1–11
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Figure 2. Default model of isolated pulsars, adopting the Tauris & Manchester (1998) beaming fraction and, σLcorr = 0.8 luminosity
model. The top panel exhibits the various survey sensitivity curves with the corresponding number of detected synthetic pulsars in the
legend, as well as the brightness distribution of the pulsars. The small black points represent the brightness of individual pulsars, while
the large black dots show the median flux of pulsars in a period bin. The black arrows indicate points that are off the plot. The red stars
denote the known pulsar population. The bottom panel shows the period distribution of all isolated pulsars in the SMC that formed
during the respective SFEs.
Manchester survey, by applying the survey’s specific selec-
tion effects and recover 4.0± 0.8 synthetic pulsars, which
compares well to the five pulsars observed with the Manch-
ester et al. (2006) survey. The proposed SMC MeerKAT sur-
vey is ∼6 times more sensitive than the Manchester survey,
however it is predicted to detect only 17.2± 2.5 pulsars. The
large distance to the SMC reduces the flux of the radio pul-
sars to such an extent that MeerKAT will only detect the
brightest pulsars. To make a comparison between the ob-
served and synthesised spin period distribution we convolve
the simulated flux and spin period distributions (top and
bottom panels of Figures 1 and 2) to create a normalised,
bias corrected spin period distribution (Figure 4). Currently
there are only seven known pulsars in the SMC. Such a small
number of pulsars is insufficient to make extensive compar-
isons, however Figure 4 shows that the observed pulsars are
coincident with the peaks of the binary and isolated pulsar
period distributions. The majority of the isolated pulsars
have a spin period distribution that peaks around 1 s, and
extends to 10 s. The pulsars in binaries account for only a few
percent of all the simulated pulsars, and have a spin period
distribution peaking at ∼0.3 s. Unlike the isolated pulsars,
very few pulsars in binaries have spin periods beyond ∼1 s.
Initially, rapidly spinning pulsars are prevented from accret-
ing material by the propeller mechanism, however once they
have spun down sufficiently the NS can accrete material and
enter the HMXB phase. The SMC in particular harbours a
number of accreting NSs with spin periods below 10 s (see
Haberl & Sturm 2016, and references therein). Moreover, the
simulations predict a population of ∼60 – 160 NSs in bina-
ries with massive companions. These systems are primordial
HMXBs, and compare well with the known population of
∼120 HMXBs in the SMC.
Another notable difference is that pulsars in binaries are
brighter than isolated pulsars with spin periods below ∼0.1 s.
As a result the simulations suggest that less sensitive sur-
veys are more likely to detect pulsars in binaries, and that
as many as 80% of the Manchester pulsars are predicted
to be in binaries. Thus far one of the five pulsars has been
identified as a pulsar in a binary with a B star in a 51 day
orbit (Kaspi et al. 1994). Due to the distance to the SMC
extensive timing studies of the known pulsars have not been
possible, thus the possibility that they are in wide orbits
cannot be ruled out. With the upcoming MeerKAT survey,
timing studies are likely to identify new pulsars in binaries.
Especially since the bulk of the synthetic pulsars in binaries
have orbital periods below ∼103 days with fairly low eccen-
tricities (Figure 3) for which realistic observing campaigns
can be launched to search for the binaries. Apart from tim-
ing studies it is also possible to search for pulsars in binaries
with acceleration searches. Ridley et al. (2013) carried out
acceleration searches that were sensitive to pulsars in bina-
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Figure 3. Intensity plot showing the relationship between the
orbital period (Porb) and eccentricity of pulsars in binaries. The
individual orbital period and eccentricity distributions are also
depicted on the relevant axes.
Figure 4. The normalised, bias corrected spin period distribution
of pulsars in binaries and isolated pulsars (left y-scale). This figure
is a result of convolving the flux and period distributions, i.e. the
top and bottom panels of Figure 1 and 2. The stars show the flux
of the known SMC pulsars (right y-scale).
ries with spin periods greater than 23.5 ms on the archival
Manchester et al. (2006) data, but did not discovery any new
pulsars in binaries. However, acceleration searches are most
effective for close binaries, i.e. those more likely for MSPs,
and not wide binaries.
4.2 Constraints on assumed models
In the following sections we place constraints on the SMC
SFH, and the empirically determined radio luminosity
model.
4.2.1 Star formation history
The A10 SFH successfully reproduced the predicted num-
ber of normal pulsars in the SMC, as well as the observed
pulsar population. This is in contrast with the HZ04 SFH,
that neither produces the predicted number of pulsars nor
recovers the observed pulsar population. In fact the HZ04
SFH produces a virtually undetectable pulsar population.
The HZ04 is a global, spatially resolved, time averaged SFH,
and hence does not account for short bursts of SF. It also
does not resolve the SFH of the last 100 Myr, which is when
the majority of the pulsars would have formed. The HZ04
may be more suitably applied to older stellar populations
where a high temporal resolution is not required. For our
pulsar population it is essential to apply a SFH that is re-
solved throughout the last ∼100 Myr, making the A10 SFH
more appropriate. The A10 SFH is also limited and not ideal,
since it was not calculated for the entire SMC, but for re-
gions containing X-ray binaries, which we then assumed for
the entire SMC. Regardless of which SFH is more appropri-
ate, the simulations require a SFH that provides sufficient
mass to synthesise enough pulsars for the Manchester sur-
vey to recover the five observed pulsars. Thus, we require
a SFH that provides at least as much mass as the modified
A10 SFH (110× 106 M).
4.2.2 Radio luminosity model
The default model which adopts the empirical radio lumi-
nosity model (σLcorr = 0.8) produces sufficient pulsars to re-
cover the five observed pulsars with a ∼20% error when the
Manchester selection effects are applied. Reproducing the
observed population with such accuracy provides confidence
for the method, its results, and the predicted number of
pulsars MeerKAT will detect. The radio luminosity disper-
sion of the Galactic pulsars is well modelled for σLcorr = 0.8.
There is no observational evidence that the SMC pulsars will
deviate from this relation. Moreover, when adopting the al-
ternate radio luminosity model (σLcorr = 2), it does not result
in the recovery of the five observed pulsars, instead it over-
estimates the population by a factor of three. The alternate
model is not supported by observations, it was a theoretical
test to determine how sensitive the simulations are to the as-
sumed luminosity model. Consequently, there are presently
no clear indication that the SMC pulsar radio luminosities
differ when compared to the Galactic pulsar population lu-
minosities.
4.2.3 Spontaneous magnetic field decay
The same spontaneous magnetic field decay model was
applied to all the simulations. We modelled the sponta-
neous magnetic field decay of the radio pulsars by apply-
ing an Ohmic dissipation recipe with a decay time scale of a
100 Myr, and predict that the Manchester survey could have
detected ∼5 pulsars, which is in agreement with the 5 pulsars
the SMC Manchester survey observed. By including spon-
taneous magnetic field decay pulsars evolve faster and cross
the death line sooner, i.e. by applying field decay the average
life time of the pulsars are reduced. If field decay is not im-
portant our results will underestimate the observable radio
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pulsar population of the SMC, and consequently also under-
estimate the predicted number of pulsars the Manchester
survey could have detected, as well as the number of pulsars
MeerKAT will detect. Conversely, if the magnetic field de-
cays faster (τ< 100 Myr) we would have overestimated the
number of observable and detected pulsars by the Manch-
ester and MeerKAT survey. However, given the agreement
between our simulations and observations it is unlikely that
spontaneous magnetic field decay occurs over a shorter time
scale. Due to the small observational sample, and the long
decay time scale we cannot firmly conclude if magnetic field
decay occurs at all.
5 CONCLUSION
We modelled the present day radio pulsar population of
the SMC (excluding millisecond pulsars). On average the
number of synthesised and recovered pulsars were not af-
fected by metallicity, CE evolution, NS kick velocity dis-
tribution or the beaming fraction model, but are strongly
dependent on the recent star formation rate and the pul-
sar luminosity model. The simulations predict a population
of (1.6± 0.3)×104 normal radio pulsars. When applying the
selection effects of the Manchester et al. (2006) survey we
recover 4.0± 0.8 synthetic pulsars, which is in agreement
with the five observed pulsars. Furthermore, the future SMC
MeerKAT survey is predicted to detect 17.2± 2.5 pulsars.
This implies that the proposed SMC MeerKAT survey will
not be sensitive enough to detect a significant portion of the
SMC pulsar population. That being said MeerKAT will pro-
vide a valuable test to the predicted number of detectable
pulsars, and contribute to our understanding of massive bi-
nary evolution.
ACKNOWLEDGEMENTS
NT, VMcB, and DAHB acknowledges support of the Na-
tional Research Foundation of South Africa (grants 98969,
93405, and 96094). ST acknowledges support from the
Netherlands Research Council NWO (grant VENI [nr.
639.041.645]). BWS acknowledge funding from the European
Research Council (ERC) under the European Union’s Hori-
zon 2020 research and innovation programme (grant agree-
ment No. 694745).
REFERENCES
Abt H. A., 1983, ARA&A, 21, 343
Antoniou V., Zezas A., Hatzidimitriou D., Kalogera V.,
2010, ApJ, 716, L140
Arzoumanian Z., Chernoff D. F., Cordes J. M., 2002, ApJ,
568, 289
Bates S. D., Lorimer D. R., Rane A., Swiggum J., 2014,
MNRAS, 439, 2893
Bhattacharya D., Wijers R. A. M. J., Hartman J. W., Ver-
bunt F., 1992, A&A, 254, 198
Blaauw A., 1961, Bull. Astron. Inst. Netherlands, 15, 265
Bray J. C., Eldridge J. J., 2016, MNRAS, 461, 3747
Camacho J., Torres S., Garc´ıa-Berro E., Zorotovic M.,
Schreiber M. R., Rebassa-Mansergas A., Nebot Go´mez-
Mora´n A., Ga¨nsicke B. T., 2014, A&A, 566, A86
Chen K., Ruderman M., 1993, ApJ, 402, 264
Cies´lar M., Bulik T., Os lowski S., 2020, MNRAS, 492, 4043
Cordes J. M., Romani R. W., Lundgren S. C., 1993, Nature,
362, 133
Crawford F., Kaspi V. M., Manchester R. N., Lyne A. G.,
Camilo F., D’Amico N., 2001, ApJ, 553, 367
Crowl H. H., Sarajedini A., Piatti A. E., Geisler D., Bica
E., Claria´ J. J., Santos Joa˜o F. C. J., 2001, AJ, 122, 220
Cumming A., Arras P., Zweibel E., 2004, ApJ, 609, 999
de Kool M., 1990, ApJ, 358, 189
de Kool M., van den Heuvel E. P. J., Pylyser E., 1987,
A&A, 183, 47
Ducheˆne G., Kraus A., 2013, ARA&A, 51, 269
Faucher-Gigue`re C.-A., Kaspi V. M., 2006, ApJ, 643, 332
Geppert U., 2009, Turning Points in the Evolution of Iso-
lated Neutron Stars’Magnetic Fields. p. 319
Gonthier P. L., Van Guilder R., Harding A. K., 2004, ApJ,
604, 775
Graczyk D. et al., 2014, ApJ, 780, 59
Gullo´n M., Miralles J. A., Vigano` D., Pons J. A., 2014,
MNRAS, 443, 1891
Gullo´n M., Pons J. A., Miralles J. A., Vigano` D., Rea N.,
Perna R., 2015, MNRAS, 454, 615
Gunn J. E., Ostriker J. P., 1970, ApJ, 160, 979
Gurevich A. V., Istomin Y. N., 2007, MNRAS, 377, 1663
Haberl F., Pietsch W., 2004, A&A, 414, 667
Haberl F., Sturm R., 2016, A&A, 586, A81
Harris J., Zaritsky D., 2004, AJ, 127, 1531
Heger A., Fryer C. L., Woosley S. E., Langer N., Hartmann
D. H., 2003, ApJ, 591, 288
Heggie D. C., 1975, MNRAS, 173, 729
Hobbs G., Lorimer D. R., Lyne A. G., Kramer M., 2005,
MNRAS, 360, 974
Huang S.-S., 1963, ApJ, 138, 471
Igoshev A. P., Popov S. B., 2015, Astronomische
Nachrichten, 336, 831
Ivanova N. et al., 2013, A&A Rev., 21, 59
Janka H.-T., 2012, Annual Review of Nuclear and Particle
Science, 62, 407
Johnston S., Karastergiou A., 2017, MNRAS, 467, 3493
Kaspi V. M., Johnston S., Bell J. F., Manchester R. N.,
Bailes M., Bessell M., Lyne A. G., D’Amico N., 1994, ApJ,
423, 44
Knigge C., Coe M. J., Podsiadlowski P., 2011, Nature, 479,
372
Kobulnicky H. A., Fryer C. L., 2007, ApJ, 670, 747
Kouwenhoven M. B. N., Brown A. G. A., Portegies Zwart
S. F., Kaper L., 2007, A&A, 474, 77
Kramer M., Xilouris K. M., Lorimer D. R., Doroshenko
O., Jessner A., Wielebinski R., Wolszczan A., Camilo F.,
1998, ApJ, 501, 270
Kroupa P., 2001, MNRAS, 322, 231
Lai D., 2001, Neutron Star Kicks and Asymmetric Super-
novae. p. 424
Leonard P. J. T., Hills J. G., Dewey R. J., 1994, ApJ, 423,
L19
Linden T., Sepinsky J. F., Kalogera V., Belczynski K.,
2009, ApJ, 699, 1573
Livio M., Soker N., 1988, ApJ, 329, 764
© 2017 RAS, MNRAS 000, 1–11
SMC Radio pulsar population 11
Lorimer D. R., Bailes M., Dewey R. J., Harrison P. A.,
1993, MNRAS, 263, 403
Lorimer D. R., Bailes M., Harrison P. A., 1997, MNRAS,
289, 592
Lorimer D. R. et al., 2006, MNRAS, 372, 777
Lyne A. G., Lorimer D. R., 1994, Nature, 369, 127
Lyne A. G., Manchester R. N., 1988, MNRAS, 234, 477
Lyne A. G., Ritchings R. T., Smith F. G., 1975, MNRAS,
171, 579
Manchester R. N., Fan G., Lyne A. G., Kaspi V. M., Craw-
ford F., 2006, ApJ, 649, 235
McConnell D., McCulloch P. M., Hamilton P. A., Ables
J. G., Hall P. J., Jacka C. E., Hunt A. J., 1991, MNRAS,
249, 654
Moe M., Di Stefano R., 2017, ApJS, 230, 15
Nelemans G., Verbunt F., Yungelson L. R., Portegies Zwart
S. F., 2000, A&A, 360, 1011
Nelemans G., Yungelson L. R., Portegies Zwart S. F., Ver-
bunt F., 2001, A&A, 365, 491
Paczynski B., 1976, in Eggleton P., Mitton S., Whelan J.,
eds, IAU Symposium Vol. 73, Structure and Evolution of
Close Binary Systems. p. 75
Pfahl E., Rappaport S., Podsiadlowski P., Spruit H., 2002,
ApJ, 574, 364
Podsiadlowski P., Langer N., Poelarends A. J. T., Rappa-
port S., Heger A., Pfahl E., 2004, ApJ, 612, 1044
Portegies Zwart S. F., Verbunt F., 1996, A&A, 309, 179
Portegies Zwart S. F., Yungelson L. R., 1998, A&A, 332,
173
Proszynski M., Przybycien D., 1984, in Reynolds S. P.,
Stinebring D. R., eds, Birth and Evolution of Neutron
Stars: Issues Raised by Millisecond Pulsars. p. 151
Raghavan D. et al., 2010, ApJS, 190, 1
Ridley J. P., Crawford F., Lorimer D. R., Bailey S. R., Mad-
den J. H., Anella R., Chennamangalam J., 2013, MNRAS,
433, 138
Ridley J. P., Lorimer D. R., 2010, MNRAS, 406, L80
Sana H. et al., 2012, in Drissen L., Robert C., St-Louis
N., Moffat A. F. J., eds, Astronomical Society of the Pa-
cific Conference Series Vol. 465, Proceedings of a Scientific
Meeting in Honor of Anthony F. J. Moffat. p. 284
Sana H. et al., 2014, ApJS, 215, 15
Shtykovskiy P., Gilfanov M., 2005, MNRAS, 362, 879
Staveley-Smith L. et al., 1996, Publ. Astron. Soc. Australia,
13, 243
Sturm R. et al., 2013, A&A, 558, A3
Sturrock P. A., 1971, ApJ, 164, 529
Tauris T. M., Langer N., Podsiadlowski P., 2015, MNRAS,
451, 2123
Tauris T. M., Manchester R. N., 1998, MNRAS, 298, 625
Titus N. et al., 2019, MNRAS, 487, 4332
Toonen S., Nelemans G., 2013, A&A, 557, A87
Toonen S., Nelemans G., Portegies Zwart S., 2012, A&A,
546, A70
Tutukov A., Yungelson L., 1973, Nauchnye Informatsii, 27,
70
van den Heuvel E. P. J., 2004, in Schoenfelder V., Lichti
G., Winkler C., eds, ESA Special Publication Vol. 552,
5th INTEGRAL Workshop on the INTEGRAL Universe.
p. 185
van Haaften L. M., Nelemans G., Voss R., van der Sluys
M. V., Toonen S., 2015, A&A, 579, A33
van Leeuwen J., Verbunt F., 2004, in Camilo F., Gaensler
B. M., eds, IAU Symposium Vol. 218, Young Neutron
Stars and Their Environments. p. 41
Verbunt F., Igoshev A., Cator E., 2017, A&A, 608, A57
Vivekanand M., Narayan R., 1981, Journal of Astrophysics
and Astronomy, 2, 315
Webbink R. F., 1984, ApJ, 277, 355
Yokogawa J., Imanishi K., Tsujimoto M., Nishiuchi M.,
Koyama K., Nagase F., Corbet R. H. D., 2000, ApJS,
128, 491
Yoon S. C., Woosley S. E., Langer N., 2010, ApJ, 725, 940
Zaritsky D., Harris J., Thompson I. B., Grebel E. K.,
Massey P., 2002, AJ, 123, 855
Zorotovic M., Schreiber M. R., Ga¨nsicke B. T., Nebot
Go´mez-Mora´n A., 2010, A&A, 520, A86
Zorotovic M., Schreiber M. R., Garc´ıa-Berro E., Camacho
J., Torres S., Rebassa-Mansergas A., Ga¨nsicke B. T., 2014,
A&A, 568, A68
APPENDIX A: SIMULATION TABLES
Here follows the results of all the simulations where the An-
toniou et al. (2010) SFH was assumed.
This paper has been typeset from a TEX/ LATEX file prepared
by the author.
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Table A1. Simulation results for the Tauris & Manchester (1998) beaming fraction, and σLcorr = 0.8 radio luminosity model.
Model Total Pulsars Detached Disrupted Crawford et al. (2001) Manchester et al. (2006) MeerKAT
CE γα αα γα αα γα αα γα αα γα αα γα αα
V4CE2 14889 14866 5 5 95 95 4.08 4.00 4.05 3.96 17.30 17.26
H4CE2 15234 15082 2 2 98 98 3.54 3.58 3.49 3.57 16.57 16.36
V4CE25 14717 14053 4 4 96 96 4.83 4.57 4.80 4.53 19.61 18.81
H4CE25 15005 14227 2 2 98 98 4.72 4.32 4.69 4.28 18.93 18.11
0.1V4CE2 13707 13395 22 22 78 78 5.33 5.21 5.28 5.19 21.18 19.66
0.1V4CE25 13374 12439 19 17 81 83 5.78 5.20 5.73 5.16 22.84 20.73
V8CE2 15071 14693 5 5 95 95 4.32 3.97 4.28 3.95 18.48 17.58
H8CE2 15247 14893 2 2 98 98 3.81 3.54 3.78 3.50 17.35 16.92
V8CE25 14468 13747 4 4 96 96 4.09 3.66 4.06 3.63 16.22 15.00
H8CE25 14691 13933 2 2 98 98 3.74 3.38 3.72 3.35 15.76 13.93
0.1V8CE2 12957 13303 20 23 80 77 5.29 5.69 5.26 5.66 19.74 22.06
0.1V8CE25 13484 12092 23 17 77 83 6.01 4.48 5.97 4.44 23.04 17.11
Table A2. Simulation results for the Tauris & Manchester (1998) beaming fraction, and σLcorr = 2.0 radio luminosity model.
Model Total Pulsars Detached Disrupted Crawford et al. (2001) Manchester et al. (2006) MeerKAT
CE γα αα γα αα γα αα γα αα γα αα γα αα
V4CE2 14889 14866 5 5 95 95 14.25 14.23 14.16 14.12 111.11 111.36
H4CE2 15234 15082 2 2 98 98 13.52 13.42 13.40 13.27 111.49 110.33
V4CE25 14717 14053 4 4 96 96 16.10 15.34 15.95 15.23 112.64 111.23
H4CE25 15005 14227 2 2 98 98 15.61 14.64 15.51 14.54 110.86 109.06
0.1V4CE2 13707 13395 22 22 78 78 17.68 16.62 17.56 16.51 112.86 107.74
0.1V4CE25 13374 12439 19 17 81 83 19.00 16.93 18.88 16.81 114.79 111.07
V8CE2 15071 14693 5 5 95 95 15.28 14.40 15.17 14.30 109.72 107.25
H8CE2 15247 14893 2 2 98 98 14.32 13.86 14.22 13.73 106.81 104.70
V8CE25 14468 13747 4 4 96 96 13.47 12.18 13.34 12.09 100.64 97.30
H8CE25 14691 13933 2 2 98 98 12.87 11.38 12.77 11.29 100.17 94.39
0.1V8CE2 12957 13303 20 23 80 77 16.65 18.64 16.54 18.54 104.04 106.21
0.1V8CE25 13484 12092 23 17 77 83 19.45 14.21 19.35 14.13 109.88 97.01
Table A3. Simulation results for the Lyne & Manchester (1988) beaming fraction, and σLcorr = 0.8 radio luminosity model.
Model Total Pulsars Detached Disrupted Crawford et al. (2001) Manchester et al. (2006) MeerKAT
CE γα αα γα αα γα αα γα αα γα αα γα αα
V4CE2 21365 21323 5 5 95 95 3.44 3.38 3.41 3.35 15.33 15.29
H4CE2 21861 21635 2 2 98 98 2.99 3.02 2.95 3.01 14.70 14.51
V4CE25 21116 20159 4 4 96 96 4.08 3.86 4.05 3.83 17.29 16.55
H4CE25 21538 20422 2 2 98 98 3.98 3.64 3.96 3.62 16.67 15.92
0.1V4CE2 19671 19219 22 22 78 78 4.52 4.42 4.48 4.40 18.82 17.45
0.1V4CE25 19155 17802 19 16 81 84 4.88 4.39 4.84 4.36 20.15 18.23
V8CE2 21676 21122 5 5 95 95 3.64 3.34 3.61 3.33 16.40 15.62
H8CE2 21939 21422 2 2 98 98 3.21 3.00 3.18 2.96 15.39 15.04
V8CE25 20800 19777 4 4 96 96 3.46 3.10 3.44 3.08 14.34 13.24
H8CE25 21137 20052 2 2 98 98 3.16 2.86 3.14 2.84 13.92 12.30
0.1V8CE2 18596 19121 19 23 81 77 4.48 4.82 4.45 4.79 17.46 19.60
0.1V8CE25 19395 17362 23 17 77 83 5.10 3.81 5.07 3.77 20.51 15.11
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Table A4. Simulation results for the Lyne & Manchester (1988) beaming fraction, and σLcorr = 2.0 radio luminosity model.
Model Total Pulsars Detached Disrupted Crawford et al. (2001) Manchester et al. (2006) MeerKAT
CE γα αα γα αα γα αα γα αα γα αα γα αα
V4CE2 21365 21323 5 5 95 95 12.63 12.61 12.55 12.52 97.34 97.51
H4CE2 21861 21635 2 2 98 98 12.00 11.90 11.90 11.77 97.63 96.63
V4CE25 21116 20159 4 4 96 96 14.15 13.46 14.03 13.37 98.66 97.81
H4CE25 21538 20422 2 2 98 98 13.71 12.86 13.62 12.77 97.03 95.74
0.1V4CE2 19671 19219 22 22 78 78 15.72 14.74 15.63 14.65 99.39 94.86
0.1V4CE25 19155 17802 19 16 81 84 16.72 14.86 16.61 14.76 100.99 97.98
V8CE2 21676 21122 5 5 95 95 13.55 12.78 13.46 12.70 96.36 94.19
H8CE2 21939 21422 2 2 98 98 12.69 12.30 12.61 12.20 93.82 91.93
V8CE25 20800 19777 4 4 96 96 11.91 10.75 11.80 10.67 88.25 85.43
H8CE25 21137 20052 2 2 98 98 11.36 10.04 11.28 9.97 87.71 82.85
0.1V8CE2 18596 19121 19 23 81 77 14.71 16.56 14.62 16.47 91.59 93.80
0.1V8CE25 19395 17362 23 17 77 83 17.29 12.56 17.21 12.49 97.13 85.52
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